Gamma ray spectra analyses using NaI(Tl) scintillation and Ge semiconductor detectors are widely performed in the fields of gamma radiation monitoring, dose rate evaluation as well as radiation physics research in the environment. These detectors are usually used for spectroscopic measurements in the environment due to their high gamma detection efficiencies, high full energy absorption peak efficiencies, and excellent energy resolution especially in Ge semiconductor detectors.
I INTRODUCTION
Gamma ray spectra analyses using NaI(Tl) scintillation and Ge semiconductor detectors are widely performed in the fields of gamma radiation monitoring, dose rate evaluation as well as radiation physics research in the environment. These detectors are usually used for spectroscopic measurements in the environment due to their high gamma detection efficiencies, high full energy absorption peak efficiencies, and excellent energy resolution especially in Ge semiconductor detectors.
In Japan a series of guide manuals for environmental radiation and radioactivity measurement methods are prepared by the Ministry of Education, Culture, Sports, Science and Technology (MEXT), and manual No. 20 entitled "The gamma ray spectra measurement methods in air" provides representative response matrices for NaI(Tl) scintillation detectors in tables. However, except for a few examples, the energy intervals are relatively broad and the upper energy is limited up to 3 MeV for the measurements of natural gamma radiations. Furthermore the shapes and sizes of the most commonly available NaI(Tl) detectors are limited to a few types, such as 3'' 3'' cylindrical and 3'' spherical types, so the response functions of the other shapes and sizes of NaI(Tl) scintillation detectors are not available, even if we would like to choose the other types depending on the fluence rate level and the energy range.
During the past twenty years, new dose concepts and quantities, such as air kerma (Gy) as well as equivalent dose (Sv), have been proposed by ICRU and ICRP, and we have experienced drastic changes from measurable physical quantities to non-measurable conceptual quantities in the field of radiation dose evaluation. Corresponding to these changes, several radiation dose evaluation methods and techniques have been developed to adapt to these changes. Among them we consider that a spectrometric technique that evaluates the radiation dose through spectrum analysis from the measured pulse height spectra is the most versatile and flexible tool.
The relation of radiation dose to the fluence in the environment changes with the gamma ray energy and the incident direction. The International Commission on Radiation Units and Measurements (ICRU) 2 4) and the International Committee on Radiation Protection (ICRP) 5, 6) have provided through theoretical analyses according to radiation physics various fluence-dose conversion factors under the typical irradiation conditions over the energy range 0.01 10.0 MeV, and the relationship among various radiation dose units.
As mentioned above, we experienced historical changes of dose concepts, and according to these changes, we have continuously revised the dose evaluation procedures to new dose Jpn. J. Health Phys., 44 (1) requirements. In general we consider that the traditional measures, such as to adjust the energy response of measuring instruments and to change the dose conversion factors, to meet the new dose response, but it is desirable furthermore to flexibly establish general methods adaptable to the new requirements so as to evaluate the dose values of the various types from the fluence rate obtained through pulse height spectrum analysis.
In this paper, we describe the preparation of the response matrices of various shapes and sizes of NaI(Tl) scintillation detectors, and comparisons with the response matrices reported before by other researchers.
II THE CONSTRUCTION OF RESPONSE FUNCTIONS
(1) Original response functions used for the construction of a response matrix Here, we have tried to construct the response functions of an energy interval of 10 keV which covers a wide energy range from 40 keV up to 10 MeV for various sizes and shapes of NaI(Tl) scintillation detectors. If we could have gotten monoenergetic gamma radiation sources of known intensity, it would have been possible to obtain directly the response functions experimentally, however, in practice it is very difficult to obtain arbitrarily accurate radioactive sources with proper gamma ray energies and intensities that we need. Usually to avoid these difficulties we try to use calculated response functions of which the accuracy is certified by comparing with reliable response functions obtained experimentally, although the standard radioactive sources which we can utilize are very limited.
Up until now many Monte Carlo calculation techniques and cords have been reported for calculation of response functions, and among various Monte Carlo calculation cords, MARTHA, 7 9) which was designed for the NaI(Tl) detectors, and EGS4 10, 11) as well as MCNP, 12) which are provided for general use, have been proved to provide accurate response functions.
In order to calculate the response functions up to 10 MeV with fine energy intervals of 10 keV, a large number of repetitive calculations of about 1,000 are needed on the condition of a sufficient number of incident gamma rays (such as 100,000 1,000,000) to reduce adequately the statistical error. Therefore, in order to satisfy these requirements, tedious calculation practices and tremendous execution time are required for repetitive calculations for all types and sizes of NaI(Tl) detectors. Therefore, usually it is practical to first calculate the limited number of response functions with coarse energy intervals of gamma rays, and then second to interpolate the response functions with a fine energy interval by using the response functions calculated in the first step.
The original response functions used for the interpolation were calculated with MARTHA, 7 9) which was developed by K. SAITO et al., and the number of incident gamma ray energies is twenty-eight ranging from 40 keV to 10 MeV. In all cases the number of incident gamma rays was taken to be 100,000, 15) and gamma rays were assumed to enter the detectors parallel to the axis. The NaI(Tl) detectors investigated are 1'' 1'', 2'' 2'', 3'' 3'', 4'' 4'' and 5'' 4''cylindrical detectors and 2'' , 3'' and 5'' spherical detectors. All of the detectors investigated here are subject to the JIS (Japan Industrial Standards) code Z-4321, which is in common with the IEC (International Electrical Commission) publication 412, also all of the detectors were composed of an aluminum housing and MgO reflector to satisfy the conditions of the JIS, and the physical dimensions and structures were realized accurately in the Monte Carlo calculation program. By incorporating the structures properly into the program, all the effects which occur in interaction processes in a detector, including the contributions from any radiations scattered from the canning materials and from electron attenuation and absorption processes, could be treated correctly. Furthermore, the non-linear relationship between pulse height and absorbed energy was also taken into account in the calculation. As a result, all the physical processes affecting the formation of the response spectrum shape were well reflected in the calculated response functions. All of the information on the calculation conditions is shown in Table 1 .
The original response functions were compared with the experimental pulse height spectra obtained under the same exposure geometries as the calculation conditions, and it had already been proven that the various properties, such as total detection efficiencies, total absorption efficiencies, total and partial spectrum shapes, etc., agreed very well with the experimental pulse height spectra and the calculated response functions, as reported in the reference. 7 9, 13) The radioactive sources used in these experimental comparisons were 241 Am, 85 Sr, 137 Cs, 54 Mn, 88 Y, and the measurements were carried out at two different distances of 10 cm and 30 cm from the center of the sources to the crystal surface over the energy range from 60 keV to 1.83 MeV. The experimental geometries were determined so that the contributions of scattering radiations from surrounding materials become negligible. Through these experiments the experimental and calculated results agreed within a few percent on total absorption efficiencies, and 5% on total detection efficiencies, which are apt to be affected by the contribution from scattered rays from surrounding materials. In addition it has been confirmed that the shapes of the 7 9, 14) There are two types of original response functions prepared in Ref. 13 , as follows;
(a) Non-broadened response functions assuming that the pulse height of output signals is proportional to the light output after taking into account the scintillation efficiencies changing with the electron energy in the NaI(Tl) crystal, (b) Statistically broadened response functions to be fitted to the experimental pulse height spectra. In this paper, first we performed interpolation using the non-broadened response functions, and second, performed broadening of the response functions.
(2) Interpolation of response functions and the evaluation (i) Modeling of shapes of elemental spectrum composing response functions and interpolation of the relating energy parameters Two interpolation methods are known in general. The first method is to interpolate directly the intensity per channel as a function of pulse height energy of the original response functions, and the second method is to interpolate the normalized response functions so that the total absorption peak energy is 1. In both methods, however, it is necessary in order for reliable interpolation that the energy tendency of approximation functions does not change steeply. This means that the response functions must be provided with a sufficiently fine energy interval. The twenty-eight response functions calculated with the Monte Carlo calculations 13) were utilized for interpolation. The primary gamma ray energy ranges from 40 keV to 10 MeV, and the energy channel width (keV/ch) is different in every response function, as shown in Table 1 . Therefore it is very difficult to obtain the response functions of a fine gamma energy interval by such a simple interpolation method as described above. We aimed to determine the response functions by using a different interpolation technique as shown below.
In our interpolation method, the original response spectrum (function) was separated into fundamental spectrum elements which differ specifically in every radiation interaction process occurring in a detector; a mathematical function that fits the shapes of each elemental spectrum and the changes well was selected; the values of their related parameters as a function of gamma ray energy were determined; the efficiencies in each interaction process were interpolated; and lastly, all elemental spectra calculated by using the fitting functions were summed.
This method is reviewed in our previous report 15) and its validity is already demonstrated. Further, in this paper, we improved the accuracy of the fitting functions of spectrum shapes and the interpolation of the related parameters.
As a result of these improvements, the reliability of reproduced response functions was definitely improved. The detailed procedures to generate response functions are described below.
(ii) Method to generate respective elemental spectra that occurs in radiation interaction processes in a detector In general, when the number of incident photons to the detector is 100,000 or less, it is very difficult to obtain an accurate response spectrum shape due to the statistical reason that the event number counted into a bin (channel) of 10 keV/ch is not sufficient, especially in the energy range of low interaction probability. In order to avoid error due to statistical uncertainty, we determined the various functions, expressing accurately the shapes of each spectrum formed in every process of gamma ray interaction through the analysis of original response functions. The total absorption peak, as well as several spectrum components like K-X ray escape spectra and other spectra which arise from Compton scattering and annihilation interactions, including secondary electrons from NaI(Tl) crystal and from the canning materials, were separated previously based on original response functions. The various functions for expressing the elemental spectra were determined based on the separated elemental spectra shown above, and the optimum parameters for expressing the shapes and efficiencies were determined through examination for fitting and interpolation calculations.
The functions simulating the shapes of elemental spectrum are fundamentally composed of two kinds of functions, that is, exponential and rectangular functions. The efficiencies of each elemental component and the fitting parameters for the shape were determined by an interpolation method. The principal interpolation parameters as a function of energy and the functions for the spectrum shape are listed in Table 2 .
The number of parameters and functions listed in Tables 1  and 2 are increased compared with our previous report, 15) and resultantly the approximation accuracy was extremely improved. In Fig. 1 the elemental simulation spectra of a 3'' 3'' NaI(Tl) scintillator determined by using the simulation functions are shown, also the summed spectra, that is, the reproduced response functions are shown in Fig. 2 , compared with original response functions. These results demonstrate that the reproduced response functions agree well with the original functions.
(iii) Validity of reproduced response functions Figure 3 shows an example of a response matrix calculated for a 3'' 3'' NaI(Tl) scintillation detector by the interpolation method, and depicts that they are reproduced very successfully over the wide energy range without loss of specific characteristics of the spectra. We provided the two types of response matrix: one considers the effect of statistical dispersion due to low resolution caused in the measuring system, and the other does not consider the statistical effect. Figure 3 is an example of the former kind in which the respective response function, composing a response matrix, is dispersed statistically according to the practical pulse height resolution in the measuring system.
Further, Figure 4 shows the results of unfolded gamma energy spectra obtained by unfolding the 28 original response functions by using the reproduced response matrix. The pulse height spectrum analysis was carried out by a stripping method (peal-off method) and a Gauss-Seidel iteration method using a response matrix which is not statistically broadened. Both results agreed precisely. On the other hand, the unfolded gamma ray energy spectra are dispersed broadly around an original gamma ray energy because original broadened response functions were unfolded by using an unbroadened response matrix, however there did not appear any spurious significant gamma ray peak or spectrum on it. This shows the fact that all the characteristic phenomena appearing on response functions are correctly reproduced on a response matrix. In addition, the integrated value of unfolded energy spectrum should be equal to the fluence rate (100,000 photons/ 45.6cm 2 = 2,193 photons cm 2 ) of gamma rays incoming to the NaI(Tl) crystal, and in all cases the integrated results showed values very close to the fluence (2,193 photons cm 2 ) set at the calculation of the original response function by the Monte Carlo method. The details of the evaluation analysis of accuracy of reproduced response functions will be described below. By the interpolation method described above we could obtain response matrices over the energy range from 40 keV to 10 MeV at a 10 keV interval, however a slight difference of interpolation accuracy was observed depending on the size and shape of NaI(Tl) crystals, namely in large size NaI(Tl) crystals, the practical upper energy limit ranges nearly to 10 MeV, but in the case of small sizes, the upper limit is restricted to 3 MeV. Figs. 5 and 6 show the results when integrating the unfolded gamma energy spectra on fluence rate and dose rate over the full energy range. The values along the vertical axis show the ratio of unfolded fluence rate to the original rate and the ratio of the dose rate values calculated using fluence-dose conversion factors, respectively. From these figures we can understand that the reproducibility of the interpolated response matrices is fairly good in large size detectors as the ratios fluctuate in a small range around 1.0 to 10 MeV, but in small size detectors, it degrades less than 1.0 gradually toward high gamma ray energy. This means that the reconstructed response functions in small size detectors tend to be excessive compared with the original ones.
In general the errors of reproduced response functions, which are caused by their reproducibility, tend to increase in high gamma energy regions, and in some cases the spurious spectrum components appear more in the lower energy regions than the primary photon energy after unfolding, although the integrated fluence rate shows satisfactorily accurate results close to the original fluence rate. Table 3 summarizes the energy ranges of all response matrices where the unfolded results are judged to be accurate. These judgments were made based on the criteria that abnormal spurious spectra do not appear conspicuously on unfolded energy spectra, and also that the unfolded fluence rate value agrees with the original values within 5%.
In addition, the reduction of response at 40 keV, as seen in Figs. 5 and 6, is caused by a partial loss of 40 keV photon components due to statistical dispersion. However these errors can be improved by the following method, that is, the reduction of response can be compensated by adding to the channel the lost fraction of photon fluences of the 40 keV channel and similarly, the boosted response in the upper 50 keV channel can be restored by dividing the value of photon fluences of the 50 keV channel by the ratio at 50 keV shown in Figs. 5 and 6.
III. Analysis tests of experimental pulse height spectra by
unfolding and a discussion thereof
(1) Unfolding test of pulse height spectrum exposed to a 226 Ra standard source In order to obtain an accurate pulse height spectrum of monoenergetic gamma rays by experiment we need elaborate radioactive sources like a point or small size in volume to minimize the absorption and scattering fraction from the source.
For this purpose, there are various radioactive sources prepared for the energy calibration tests of spectrometric equipment and the determination of detection efficiencies, thus they can be available for the comparison of the calculated response functions with the experimental ones, because the pulse height spectrum measured by using a monoenergetic gamma ray source can be compared exactly with the calculated response function. On the other hand, the sources certified by dose rate values can be also used for certification of dose rates. The results of analysis tests carried out by using various gamma radiation sources are depicted in Ref. 15 .
In Fig. 7 we show an unfolding result of pulse height spectra measured by a 3'' spherical NaI(Tl) detector using a 226 Ra standard source which have a certified dose rate. The predominant peaks of gamma rays emitted from decay progenies of 226 Ra are clearly displayed. However to elucidate the accuracy of evaluation results on fluence and dose evaluation, it is necessary to know the accurate energies and intensities of the gamma rays emitted from a 226 Ra standard source, and the attenuation by capsule materials of the source, and in addition, to investigate practical gamma ray energy spectra and fluence rate entering the NaI(Tl) detector. From this point of view, we carried out assessments of unfolding accuracy by the analysis of gamma ray intensities and the distribution corresponding to the dose rate value and the attenuation due to the source capsule.
In order to confirm the accuracy of unfolded gamma energy spectra, we must know the true gamma energy spectra emitted from a standard source having certified dose rate, and com- Fig. 4 Results of unfolded photon spectra of original response functions for 3'' 3'' NaI(Tl) scintillation detector by using the reproduced response matrix. pare the experimental and unfolded gamma energy spectra on fluence rate and dose rate. The standard radium source used in this experiment, of which the dose rate value is certified by the Japan Radioisotope Corporation, has an official value of 3.7 MBq encapsulated in an iron case of 0.7 mm wall thickness. In addition the dose rate value 80.2 R/h was determined by the relative measurement method with a radium standard source of 1mg encapsulated in a Pt-Ir alloy capsule of 0.5 mm with the use of an intermediary standard calibration chamber. The uncertainty of the official dose rate value of the source is 5%, however this source accuracy was not sufficient for our purpose. Therefore we evaluated its actual intensity by theoretical analysis, as shown below.
In the first step of a comparative assessment of gamma energy spectra of the two types of radium standard sources, we calculated shielding factors of the two capsule materials Pt-Ir and Fe, respectively, and evaluated the actual intensity of our radium source used in the spectra unfolding tests.
Incidentally, the exposure rate factor of 1 mg radium standard source encapsulated in a Pt-Ir case is 825 R/h at 1m (equal to 7.23 Gy/h in air kerma units). The information on standard gamma sources, calibration methods, gamma ray scattering problems, etc. are discussed in the references 1 and 16 to 18. The gamma rays emitted under equilibrium conditions from radium source have more than 200 different initial energies, and all these gamma rays contribute to the overall dose rate values. In the determination of dose rate values from two different radium sources, the dose rate reduction factors due to the two different capsule wall materials were calculated by using true energy absorption coefficients of Fe and Pt-Ir, respectively. Practically the true energy absorption coefficient of Ir is very close physically to that of Pt, therefore the coefficient data of Pt was used instead of Pt-Ir. The reduction factors of dose rates due to Pt-Ir and Fe filter materials were calculated as 0.930 and 0.984, respectively, and their ratio (PtIr/Fe) was 0.945. The official dose rate value of our radium standard source was 80.2 R/h (703 nGy/h in air kerma units) as mentioned previously, therefore the source intensity was concluded to be actually 91.9 Ci (3.40 MBq). This value was about 8% below the official intensity.
Both the evaluated fluence rate calculated from source intensity and the experimental fluence rate obtained from spectra unfolding are displayed in Fig. 8 , and are divided into 12 energy groups. The ratio of evaluated and experimental values increases a little toward lower gamma ray energy. This is caused mainly by the scattering gamma rays in an experimental irradiation geometry and a little by the error arising in calculation processes of source intensity. Furthermore, the ratios of energy groups No. 4, 6 and 8 show high values. This is perhaps caused by the fractions escaped from the adjacent energy bands because of the poor pulse height resolution of the 
Fig. 7
Unfolding of a pulse height spectrum for a radium standard gamma ray source, measured by a 3'' spherical NaI(Tl) scintillation detector. NaI(Tl) detector. The separation distance (d meter) between the source and the NaI(Tl) detector in irradiation experiment was 1.524 m and the height (h meter) was set at 1.0m on the floor; the ratio h/d was 0.66. The measurement tests were done in the cooperative experiments with eight research groups, and the eight radiation detectors were deployed on a concentric circle line of radius 1.5 m. In this experimental geometry, the fraction of the scattered radiations from the source holder and surrounding materials was evaluated to be about 8%, 1, 16 18) and the dose rate value from a radium source is calculated to be 34. 5 R/h (302 nGy/h) at 1.524 m. On the other hand, the measured dose rate was 341 nGy/h (the equivalent exposure rate is 38.9 R/h). Thus a difference of about 10% was observed between evaluated and experimental dose rates.
Through experimental and evaluated investigation as shown above, the increased fractions due to scattered rays were evaluated to be about 20% in fluence and 10% in dose, respectively. We consider through the spectra analysis using our response matrix that the present conclusions can be justified. For further confirmation we consider that the shadow shield technique will be the best method for the subtraction of scattering fractions.
(2) Unfolding test of the response functions reported in the literatures The various response matrices for NaI(Tl) detectors have been developed in Japan for the use of environmental research and monitoring; they are summarized in Ref.1, and detailed descriptions are reported in Refs. 16 19 .
The response matrices introduced in the above references are mainly of three types of NaI(Tl) detectors: 2'' 2'', 3'' 3'' cylindrical and 3'' spherical detectors, however the conditions of the response matrices are different among them in spite of the same type of detector, such as gamma ray energy range, energy intervals and channel width; further, the shapes of response functions are different. The reasons why the shapes of response functions are different in spite of the same detector are: one is obviously due to the difference of radiation irradiation condition and another is caused by the accuracy of modeling or formation of the shape of response function and of various related parameters set when calculating response functions.
Thus we carried out unfolding tests of the response functions using our response matrix to clarify their relative characteristics. Here it must be noted that the results shown here are examples of the results by simple comparisons with ours and therefore we do not declare that our response functions are absolutely correct. In addition we would like to say that the Ref. 19 is an easy textbook to understand spectrum unfolding methods and techniques.
(i) 3'' spherical NaI(Tl) detector Spherical NaI(Tl) scintillation detectors have good directional response to the incident gamma rays, therefore those are used widely in Japan as a device for accurate environmental radiation measurements. Here, the five response matrices selected from the references were tested. The conditions of the respective response matrices: such as energy intervals, channel width and dimension of a matrix, etc. are different between the reporters, and in some cases it has not been clarified that the energy distribution of incident gamma rays is monoenergetic or is averaged uniformly over 1/2 width of the energy interval. However, we carried out unfolding tests of their response functions by using our response matrix having an energy interval of 10 keV, assuming the incident gamma rays are uniformly distributed over the 1/2 width.
We showed in Fig. 9 the test results carried out on four response matrices of a 3'' spherical NaI(Tl) detector. The relative response shown in the figure, which corresponds to the Fig. 8 Comparison of unfolded fluence rate calculated from pulse height spectra measured by a 3'' spherical NaI(Tl) scintillation detector and theoretical fluence rate in the radiation field exposed by a radium standard gamma ray source.
ratio of the tested response functions to our response function, is generally close to 1.0 and fairly flat, but the values showed the tendencies apart from 1.0 with gamma ray energy in a higher energy region. The decrease of response was about 20% at 3 MeV in the worst case. Here, special attention should be paid to the next point; if the ratio is low (ratio , 1.0), the unfolded results by the reported response matrix become high and if the ratio is high (ratio . 1.0) the results become low. This means that the energy dependence of the results analyzed by using the reported response matrix is inversely proportional to the ratios. The relative evaluation error included in the energy range up to 3 MeV is distributed within the range of less than 5% 10% except in the worst case of overestimation of about 20%.
(ii) 3'' 3'' cylindrical NaI(Tl) detector The directional response of the 3'' spherical NaI(Tl) detector described above is excellent; while, cylindrical NaI(Tl) detectors such as a 3'' 3''NaI(Tl) detector are used very conveniently since they can be purchased at relatively low prices, but a defect in that the evaluation error in the measurements of fluence and dose rate values become large in an environment where the radiation fields are not known because they have some changing directional response to gamma rays incident to the detectors.
The tested response matrix here is determined on the condition of isotropic radiation fields, but our response functions are calculated on an irradiation condition incident in parallel to the detector axis. Although we know that the difference in the condition of radiation fields affects the disagreement of response functions, we carried out the analysis test neglecting these differences between the reported response matrix (isotropic) and ours (parallel to the crystal axis). We showed the analysis result in Fig. 10 .
The unfolding test results analyzing the response functions for an isotropic radiation field by the response matrix for a parallel beam showed a very large discrepancy due to the difference of irradiation condition as a matter of fact, differing from the case of spherical NaI(Tl) crystals shown in Fig. 9 . Fig. 9 Unfolded results of response functions for 3'' spherical NaI(Tl) scintillation detector reported in the references *) , by using the reproduced response matrix. *) RF-1: Analysis results of Minato's response functions, 1) R-2: of Urabe's, 1, 21) RF-3: of Moriuchi's 1) and RF-4: Okano's. 1, 25) Usually it is difficult to evaluate an accurate fluence rate and dose rate by the measurements using NaI(Tl) detectors of which the directional response is poor without accurate information of directional photon distribution, but in this case is recommended as a measure to obtain correct values by a correction factor determined by the comparison with a spherical reference detector.
IV CONCLUSION
The radiation levels of fluence rate and dose rate to be measured in the environment range widely depending on the research purposes from the level of less than natural background radiation to the high radiation level as in contaminated fields after a nuclear emergency. In general we can say that NaI(Tl) scintillation detectors such as 3'' 3'' cylindrical and 3'' spherical types, which are used conveniently for several environmental research purposes in Japan, have sufficient sensitivity to measure the natural radiation level. However, in some cases, NaI(Tl) detectors with smaller crystal sizes are sufficient or more appropriate for the measurements; while, in some cases, detectors with larger sizes are necessary when higher detection efficiencies are desired. Considering these requirements, in this paper we prepared response matrices for 8 types of cylindrical and spherical NaI(Tl) scintillators which can cover the sufficient range of radiation levels requested in the measurements of environmental radiations. As a result, although there are some differences in measurement accuracy depending on the shape and size of NaI(Tl) detectors and gamma ray energies, we could develop reliable response matrices covering sufficiently wide ranges of radiation level, which are not only useful for usual environmental research purposes, but also applicable to measurements for other radiation research purposes.
In Japan the G(E) function method, which can calculate dose value directly from pulse height spectrum data, has been developed and is used in environmental radiation monitoring, and techniques performing the conversion calculation automatically such as DBM (Discrimination Bias Modulation) and other similar techniques have been developed and incorporated in the instruments for environmental monitoring and survey. 21 24) The unfolding method needs a somewhat tedious calculation, but has an advantage of providing the gamma energy spectrum information. On the other hand, the measurement instruments, which can execute the conversion calculation automatically to obtain the radiation dose directly as mentioned above, cannot provide spectrum information, but have an excellent feature of providing prompt dose evaluation. For the determination of G(E) functions, the same original response functions were used, and the results of dose evaluation by the two dose evaluation methods, G(E) function method and unfolding method, agreed well within a few percent. By the accomplishment of the present work, the two dose evaluation methods can be used separately or together to make use of their characteristics according to the requirements.
